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 )CIBARA( TCARTSBA SISEHT
 
  عثدالله علي العليّيالاسن : 
الىااااونيّ   للرطثياااك الهرااالانى للعًاقاااز ال ميلاااح  حساسااااخ وُزِويهيا ياااح لاتلاااح   : ةعنوووىاى االسووو ا 
 الشزب . ِالزقاص ِالليه في نياج
  ويهياءااتخصص: 
  2012يّييّ    :ت ريخ ااتخلج 
 ن ل العًاقز ال ميلح حلهلّثاخ غيز العضّيل ا يوراسح  السلّن الىشطي الىُزِويهي دلمد ذه
ِلد ذم  ذطّيز  .حسطح ألطاب الىزتّو الهخرلفأالزقاص ِالليه في نياٌ الشزب علي ِالىاونيّ  
علي  حنى َذٌ الهلّثاخ غيز العضّي حلمياس الرزاويل الهًخفض حِحساس حتسيط حوُزِويهيا ي حطزيم
 evaW erauqS( الفّلرانرزيح الىشطيح رتاعيح الهّجح لطاب الىزتّو تاسرخدا  ذمًيحأسطح أ
  .خزيأ) ثم ذم نماريرُا نع عدج ذمًياخ  yrtemmatloV  gnippirtS
سطح أعلي  حوليم جي ذمديز ذزاويل َذٌ العًاقز تصّرعل جؤثزِلد ذم وراسح نخرلف العّانل اله
: لطة عجيًح الىزتّو الفحهي ِلطة الىزتّو اللجاجي ِلطة الىزتّو  حلطاب الىزتّو الراليأ
 .الهطّرج حالطزيمٍ الحدي ًرا ج الرمليديٍ تالطزق  يرا ج الفحهي ِذم نماريح
لعهل  حٌ الطزيمذيمل َ ذم . ثم حالطزق الساتم َذج فضل الشزِط لىل نىأوراسح ِذحديد  يضًاأ ِلد ذم
   )SM-PCI(.   نع طزيمح حم ذم نماريح الًرا ج لُذٌ الطزيمعى الهعهل . ث ًاالرحليل في الهيداو عّض
 
 درجة ااو جستيل في ااعلىم
 ج هعة ااولك فهذ البتلول وااوع دى
ااسعىديه –ااظهلاى 
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CHAPTER 1 
1.0 INTRODUCTION AND LITERATURE REVIEW 
  
 Knowledge of the concentration of free metal in drinking water is essential to 
understand the role of human health. Heavy metals contamination of drinking water is a 
major global problem. Acute lead poisoning in children can cause anorexia, vomiting, 
malaise, convulsions and even permanent brain damage. Chronic lead poisoning can 
cause weight loss, weakness and anemia. Lead can leach into water from either solder 
used to join copper pipes or from lead pipes in older buildings. Other sources of lead are 
paints in older buildings, dust/soil contaminated with tetraethyl-lead (formerly a gasoline 
additive) and also industrial and household waste discharges, whether it was directly or 
indirectly through leakages in sewage systems into water sources can cause excessive 
pollution in surface and underground water. Water quality also changes in relation to the 
properties of physical, chemical and biological components of water.  
 Investigations of toxic heavy metals such as Pb, Cd, Cu, Zn and Cr place special 
importance on environmental samples. Thus, there is a pressing need to develop trace 
element analysis techniques that allow separation of different element species prior to 
trace element analysis.  
 The allowed concentrations of several heavy metals are shown in Table 1.1 
according to WHO, EPA and EU (1). 
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Table 1.1: Limit values (according to WHO, EPA, and EU) (1). 
 
 
 
Heavy Metal 
 
WHO (mg/L) 
 
EPA (mg/L) 
 
EU (mg/L) 
 
 
Cd 
 
0.003 
 
0.005 
 
0.005 
 
Pb 
 
0.01 
 
0.015 
 
0.01 
 
Zn 
 
3.0 
 
5.0 
 
Not Mentioned 
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1.1 FIELD DEPLOYABLE ELECTROCHEMICAL SENSORS 
  
 Electrochemistry can play a huge role in protecting the environment. 
Electrochemical sensors and detectors are very attractive for on-site monitoring of priority 
pollutants, as well as for addressing other environmental needs, this because of its 
sensitivity and selectivity toward electro-active species (2). 
 The pH meter can be a good example that has been used for along time in 
environmental analysis. In the recent days electrochemical sensors expand the scope of 
these devices to detect a wide range of organic and inorganic contaminant. These 
advances include the introduction of modified or ultra modified microelectrodes, the 
modification of carbon screen-printed electrodes, the design of highly selective chemical 
or biological recognition layers and developments in the areas of computerized 
instrumentation and flow detectors (2-4). Many field deployable electrochemical sensors 
have been introduced and discussed in details. 
 In 2002 Joachim P. Kloock introduced a micro fabricated potentiometric thin-film 
sensor array to detect lead, cadmium and zinc simultaneously. The thin film is made in the 
basis of chalcogenide glass material which consist of several elements and been prepared 
by pulsed laser deposition technique. This array is compact and can be used at field to the 
targeted elements (5, 6). 
 Palmsens introduced an electrochemical sensor interface for heavy metal 
determination in liquid medium for on field detection. This device can be used with 
several techniques such as SWV, NPV, LSV and CV (6, 7). 
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 The Centre for Environmental Engineering and Sustainable Energy at School of 
Engineering department in the Robert Gordon University also have developed 3-
electrode-sets (counter, reference and working electrode) screen printed on different 
substrates (glass, polycarbonate and alumina) for analysis of heavy metals in the marine 
environment (Figure 1.1), part of their project is the investigating and the development of 
a multi-capability optical sensors for the real-time onsite monitoring of three key marine 
environmental and offshore/oil parameters: hydrocarbons, synthetic based fluids and 
heavy metals (6). 
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Figure 1.1: Screen printed electrode sensor (6). 
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X. Poteau and others from Dublin City University, Ireland developed sensor 
system for real-time and on site sensing of heavy metal ions in water, screening either for 
a selected  metal ion or as a general pollution warning detection of metals (6, 8). 
 In Italy an on-site reliable concentration measurements of various fractions of 
trace elements has been developed by using a voltammetric method. The device consists 
of a voltammetric analyzer module, a mini-flow injection module, an optional multi-
parameter probe and reagent/waste containers integrated in a case (9). 
In principal we need the electrochemical sensor to give us reliable real-time 
information that represents the surrounding environment. In the best case the information 
are taken continuously and without upsetting the rest of the sample. Usually this device 
consist of the electrochemical sensor covered with suitable layer for detecting the 
contaminant and a detector that collect the information gathered by the electrical 
interaction between the targeted analyte and the recognition layer. Mainly there are two 
types of electrical interaction, the amperometric sensors and the potentiometric sensors. 
 In the amperometric sensors the signal transduction process is accomplished by 
controlling the potential of the working electrode at a fixed value (relative to a reference 
electrode) and monitoring the current as a function of time. Where in voltammetry 
scanning the potential is the driving force for the oxidation or reduction of the 
electroactive specious, and the resulting current measures directly the rate of the electron 
transfer reaction which is directly proportional to the concentration of the targeted 
analyte. 
 The Potentiometric sensors are where the observed electrical signal is the potential 
which is proportional (in a logarithmic fashion) to the concentration. This method 
demands an ion selective electrode which contains a premselective membrane that gives a 
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signal due to the concentration changes of the targeted analyte (5, 10-13). 
 Several types of selective electrodes can be used in the field detection, such as 
electrochemical biosensors, metal based electrodes, modified and ultra modified 
microelectrodes, and ion and gas selective electrodes. 
In order to recognize the biological compounds we need to develop a highly 
selective biosensing device, because of its high specific formula properties. 
Electrochemical biosensors hold a leading position among the bioprobes currently 
available and hold great promise for the task of environmental monitoring (2). Those 
types of sensors consist of a biological entity that recognizes the target analyte and the 
electrode transducer that translates the bio-recognition event into a useful electrical signal 
(Figure 1.2). 
 In the biosensing approach the biocompounds are immobilized at the surface of the 
amperometric or potentiometric electrode. The biocompounds could be enzymes, 
antibodies, receptors or whole cells (14-16). 
 The Enzyme electrodes are usually prepared by attaching an enzyme layer to the 
electrode surface. Amperometric enzyme electrodes monitor changes occurring as a result 
of the biocatalytic reaction which is either generation or consumption of electroactive 
species. A large number of hydrogen-peroxide generating oxidases and NAD
+
 dependent 
dehydrogenases have been particularly useful for the measurement of a wide range of 
substrates which can be detected at moderate potential. Lowering the potential is 
favorable to avoid the interferences from other electroactive specious. Potentiometric 
enzyme electrodes use ion- or gas-selective electrode transducers, that allow us to 
determine the contaminant whose biocatalytic reaction results in local pH changes or the 
formation or consumption of ions or gas. The resulting potential signal depends on the 
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logarithm of the substrate concentration.  
 A long term stability of the electrode can be achieved by improving the 
immobilization of the enzyme layer and use thermophilic enzymes, which are useful in 
the on-field application. Several enzyme electrodes have already proven useful for the 
task of environmental monitoring, for example, several groups reported on highly 
sensitive amperometric biosensors for phenolic compounds and single-use on-site sensing 
(17-23). 
 In addition to substrate monitoring, it is possible to employ enzyme electrodes for 
measuring various toxins (via the perturbation/modulation of the enzyme activity) for 
example the inhibition of enzymes such as biosensors for cyanide, toxic metals and 
organophosphates and carbamates pesticides (24-26). 
 While conventional electrodes are mainly used for carrying electrical current, 
chemical layers can add higher degree of selectivity. The chemical layer is plated on the 
surface of the bare electrode by either immobilizing the reagent on it that will led to 
change the chemical and physical characteristics of the surface or by inclusion of the 
reagent with the matrix of the electrode. 
 The new “mercury-free” surfaces address also growing concerns associated with 
field applications of the classical mercury drop electrode. Adding the chemical layer to 
the bare electrode can be achieved in two ways either by pre treatment, that is by applying 
potential to the electrode in the reagent solution and then use it with the analyte or by 
reducing the reagent along with the analyte by a step called preconcentration, that offers 
high sensitivity because of the preconcentration procedure. A second major advantage lies 
in the added dimension of selectivity, which is provided by the chemical requirement of 
the modifier-analyte interactions. This has been reported for nickel, mercury, 
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aluminumatdimethylglyoxine, crown-ether or alizarin containing carbon pastes (27-29). 
Another method has been reported for preparing the electrochemical electrode by 
covering the sensing surface with a thin film by different mechanism, based on the analyte 
size, charge and polarity, the electrode selectivity can be enhanced toward specific 
substrate (30-31). 
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Figure 1.2: Electrochemical biosensors (Biorecognition and 
transduction). 
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 The stripping based sensors are considered the most sensitive electrochemical 
technique due to the preconcentration step, in which trace metals are accumulated onto the 
working electrode. This step is usually followed by the stripping step, in which the metals 
are stripped away from the electrode during an appropriate potential scan. Stripping 
analysis gives us a view of the total metal content in the sample, as well as 
characterization of its chemical form (e.g. oxidation state, labile fraction, etc.) (32). 
 Several advances in stripping analysis are enhanced the on-site monitoring 
realization such as automated flow systems for continuous on-line monitoring (33-35), 
disposable screen-printed stripping electrodes for single-use field applications (36), or 
remote/submersible devices for down-hole well monitoring or unattended operation (37-
38). Portable and compact (hand-held), battery-operated stripping analyzers are currently 
being commercialized for controlling these field-deployable devices. Adding the 
remarkable sensitivity of the stripping along with the on site detection, the in-situ devices 
can minimize the errors due to the low contamination possibility while transporting the 
sample to the central laboratory. 
 On the other hand, ion selective electrodes offer direct and selective detection of 
ionic activities in water samples. They are simple, inexpensive and compatible with the 
on-line analysis. The sensitivity of such devises is attributed to the selective interaction 
between the targeted analyte and the membrane material. 
 There are mainly three types of ion selective electrodes; glass, solid and liquid 
electrodes. A good example of such electrodes is the pH electrode, which has been used 
for environmental pH measurements for several decades. New technologies of thin film 
(dry-reagent) slides or semiconductor chips will certainly facilitate field monitoring of 
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ionic analyte (39). Gaseous pollutant also can be detected by highly selective gas sensing 
electrodes. This electrode consists of an ion selective electrode surrounded by an 
electrolyte solution and enclosed by a gas permeable membrane. By diffusing the gas 
throw the membrane and reacts with the internal electrolyte, detectable electroactive 
species are consumed or formed. 
 The electrochemical signal is formed via a process carried away at the surface of the 
electrode. Therefore the properties of the surface have the main effect on the signal. 
Because of that a big effort has been focused on the modification on the electrode surface. 
 The carbon based electrodes gained lots of attention as a substitute of the toxic 
mercury electrode. The carbon material electrodes are favored because they depend on the 
carbon material where the electrical conduction between the metal and the semiconductor 
can vary so a wide range of potential capacitive, adsorption, catalytic and kinetic 
properties can be achieved (43). Also the carbon can form covalent bonds with some 
surface modifiers favoring the development of modified electrodes. The carbon electrode 
is also chemically inert over a wide range of potential. All these features predetermine the 
use of diverse carbon materials in electroanalysis. Several carbon materials can be used 
such as glassy carbon, pyrolytic graphite, carbon glass-ceramics, impregnated graphite, 
carbon fibers, filaments, gauzes, and composite materials. Depending on the type of 
carbon and the method of using the electrodes, carbon-based electrodes are divided into 
glassy carbon (GCE), carbon paste (CPE), carbon-containing composite (CCE), 
impregnated graphite (IGE), thick-film graphite-containing (TFGE) electrodes, carbon 
microelectrodes (CME), and their arrays (ACME) (43). More types of the modified 
electrodes are mentioned in details in the later section. 
 Another type of the modification is by making a carbon screen-printed electrodes (3, 
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4). One of the main issues on using electrochemical methods on field is the complex setup 
of the electrode system. A very good way to make it simple and effective is to replace the 
conventional electrochemical cells by screen printed electrode (SPE) connected with a 
mini potentiostate and a computer. This will make it easier to convert to a hand-held field 
analyzers. Since the screen printed electrodes are relatively cheap and easy to handle they 
are commercially favorable. Several unmodified and modified carbon and metallic 
working electrode surfaces have been explored (44, 45). But the early work of Wang (46) 
led to the modification of carbon based electrodes especially glassy carbon along with 
bismuth which led to the replacement of mercury as an environmental friendly alternative. 
This breakthrough opened the window to investigate other electrode bases and types such 
as carbon fibers (47), carbon films (48), edge plane pyrolytic graphite (49) and a variety 
of modified carbon pastes (50, 51). 
Exploring the screen printed carbon electrodes SPCE (18) led to the development 
of disposable home-use lead detection in water, others fabricated Bi preplated SPCE for 
simultaneous voltametric detection of Pb(II) and Cd(II) in waste water and soil (53, 54). 
Microelectronic Bi-film electrode preparations have been also explored (55, 56). 
Chuanuwatanakul et al. (57) have described a stopped flow system for Zn(II), Cd(II) and 
Pb(II) in water samples using in situ deposition of Bi film. Recently Rico, and others 
described the simultaneous determination of the same elements at a novel cell design with 
improved stirred sample solution accumulation (3, 58). 
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1.2 SIMULTANEOUS DETERMINATION OF Zn(II), Cd(II) and 
Pb(II) IN DRINKING WATER 
  
 It is essential to know the concentration of heavy metals in water because of its 
toxicity and direct effect on the human health (40-42). Many different techniques have 
been introduced to detect heavy metals in different media, yet due to the low 
concentration of the heavy metals to be detected and the high cost of these analytical 
devices, the attention has been focused on the electro analytical techniques.  
 Among the analytical techniques used to determine heavy metals in environmental 
matrices are: Atomic Absorption Spectrometry (AAS), Inductively Coupled Plasma- 
Atomic Emission Spectrometry (ICP/AES), Inductively Coupled Plasma-Mass 
Spectrometry (ICP/MS), Neutron Activation Analysis (NAA), X-ray Fluorescence (XRF), 
Ion Chromatography (IC) and Electroanalytical technique such as (SWV). 
 Atomic Absorption Spectrometry (AAS) is an analytical technique that can analyze 
the concentration of over 62 different metals simultaneously in a solution with high 
sensitivity. The technique uses the wavelengths of light specifically absorbed by elements.   
Since each element absorbs characteristic wavelength of light, quantitative analysis could 
be achieved by measuring the absorbance of solutions with known concentration, draw a 
calibration curve, and then predict the unknown concentration of that metal (71). 
 Inductively Coupled Plasma (ICP) is a technique in which both the radio 
frequency-generated and maintained plasma atomize and ionize the elements in the 
sample and excite the electrons as well. When the electrons return to the ground state they 
emit energy in a specific wavelength. The emitted light is focused by lens to the 
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spectrometer in the case of ICP-AES or throws a high vacuumed mass analyzer in the 
case of ICP-MS (69, 70). 
 X-ray Fluorescence is a technique using the X-ray from a tube to remove the 
electron from the inner shell of the atom. After that the electrons in higher shell will fill 
the position and expel the excess energy as an X-ray emission with wavelength specific 
for each element. 
 Between the above techniques the ICP-MS and the ICP-AES are the best for trace 
metals detection due to the low detection limit. But considering the high cost and big 
sized analyzer unit, other techniques should be considered.  
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1.3 DETECTION TECHNIQUES AND ELECTRODE SURFACES 
1.3.1 Electroanalytical Techniques 
 
 In electroanalytical techniques we study the interplay between electricity and 
chemistry, namely the measurements of electrical quantities, such as current, potential, or 
charge, and their relationship to chemical parameters. Such use of electrical 
measurements for analytical purposes has found a vast range of applications, including 
environmental measurements (59), industrial quality control (60), and biomedical analysis 
(61). They have many advantages such as high sensitivity, good selectivity, rapid 
response, low cost and simplicity. 
There are several electroanalytical techniques such as amperometry, polarography 
and voltammetry. The voltammetry is considered to be one of the most useful branches of 
electrochemistry. There are several advantages of the voltammetric techniques such as 
high sensitivity with a very large useful linear concentration range for both inorganic and 
organic species, a large number of useful solvents and electrolytes, a wide range of 
temperatures, rapid analysis times (seconds), simultaneous determination of several 
analytes, the ability to determine kinetic and mechanistic parameters, a well-developed 
theory and thus the ability to reasonably estimate the values of unknown parameters, and 
the ease with which different potential waveforms can be generated and small currents are 
measured. 
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1.3.1.1 Cyclic Voltammetry (CV) 
  
 Cyclic voltammetry is mainly used for qualitative analysis and usually performed in 
any electroanalytical studies. It gives clear information about kinetic and thermodynamic 
of redox processes, electron transfer reactions and adsorption processes. It rapidly 
provides location potentials of electroactive species (62). Cyclic voltammetry consists of 
scanning linearly the potential of the working electrode using a triangular wave form, 
(Figure 1.3), and during the potential sweep the potentiostat measures the resulting 
current. Single or multiple cycles can be used depending on the information sought. 
Cyclic voltammogram can be divided into three types; reversible (Figure 1.4), quasi 
reversible, and irreversible. The characteristic peaks in the cyclic voltammogram are 
caused by the formation of the diffusion layer near the electrode surface (63).  
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Figure 1.3: Potential-time excitation signal in cyclic voltammetric 
experiment (64). 
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Figure 1.4: Typical cyclic voltammogram, where ipc and ipa show the 
peak cathodic and anodic current respectively for a reversible 
reaction (64). 
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1.3.1.2 Normal Pulse Voltammetry (NPV) 
 
This technique uses a series of potential pulses of increasing amplitude (Figure 
1.5). At the end of each pulse the measurement is taken that will give the charging current 
time to decay (65). 
 
1.3.1.3 Differential Pulse Voltammetry (DPV) 
 
This technique is similar to normal pulse voltammetry because in both of them we 
use pulses. The potential pulse is fixed in NPV, yet it is not in DPV as shown in Figure 
1.6. Current is measured at two points for each pulse, the first point just before the 
application of the pulse and the second at the end of the pulse. These sampling points are 
selected to allow for the decay of the non-faradic (charging) current. The difference 
between current measurements at these points for each pulse is determined and plotted 
against the base potential (65). The height of the current peaks is proportional to the 
concentration of the corresponding analytes (64). 
 
1.3.1.4 Square Wave Voltammetry (SWV) 
   
 In order to increase speed and sensitivity, many forms of potential modulation 
(other than just a simple staircase ramp) are developed.  Square wave voltammetry is a 
pulse voltammetric technique in which a waveform composed of a symmetrical square 
wave is applied on the working electrode (65). The current is measured at the end of the 
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forward pulse and at the end of the reverse pulse (Figure 1.7). Many advantages for 
square wave voltammetry such as high speed and very low detection limit near 1×10
-8
 M 
can be achieved. From the rapid scanning capability and the reversal nature of the square 
wave voltammetry, kinetic studies can be undertaken. As a comparison between square 
wave and differential pulse voltammetry for reversible and irreversible cases, results 
indicate that the square wave currents are higher than the differential pulse response with 
4 and 3.3 times respectively (60).  
 
1.3.1.5 Linear Sweep Voltammetry (LSV) 
  
 Linear Sweep Voltammetry is a voltammetric method where the current at a 
working electrode is measured while the potential between the working electrode and a 
reference electrode is swept linearly in time (63). Oxidation or reduction of species is 
registered as a peak or trough in the current signal at the potential at which the species 
begins to be oxidized or reduced (Figure 1.8). 
 
1.3.1.6 Preconcentration and Stripping Techniques 
 
The preconcentration technique is a remarkable way to get the lowest detection 
limit of detection of any of the commonly used electroanalytical techniques. Any type of 
preconcentration will mainly consist of two steps. First, the analyte species in the sample 
solution is concentrated onto a working electrode. It is this crucial preconcentration step 
that results in the exceptional sensitivity that can be achieved. During the second step, the 
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preconcentrated analyte is measured or stripped from the electrode by the application of a 
potential scan. Stripping voltammetry is a very sensitive technique for trace analysis. As 
with any quantitative technique, care must be taken so that reproducible results are 
obtainable. Important conditions that should be held constant include the electrode 
surface, rate of stirring, and deposition time. Every effort should be made to minimize 
contamination. 
Anodic stripping voltammetry (ASV) is the most widely used form of stripping 
analysis (67). This is attributed to the fast response and low detection limit. This low 
detection limit is coupled with the ability to determine simultaneously four to six trace 
metals using relatively inexpensive instrumentation (65). It is usually done by using a 
mercury electrode either by using a thin layer or a hanging mercury drop. The metal ions 
are concentrated at the surface of the mercury electrode by applying a negative potential 
for a sufficient time (accumulation time) which will force the metals to form amalgam 
with mercury. These amalgamated metals are then stripped (oxidized) out of the mercury 
by scanning the applied potential in the positive direction. The resulting current is 
proportional to the concentration ip and its position depends on the metal Ep. 
  Having more than one metal possibly could make complicated inter metallic 
compounds. Thus affects the position of the peaks or distort it. These problems can often 
be avoided by adjusting the deposition time or by changing the deposition potential. 
The cathodic stripping voltammetry (CSV) is the mirror image of the anodic 
stripping. It is using appositive potential to deposit the analyte at the surface of the 
mercury and then scan the potential towards the negative direction to reduce the analyte. 
This method has been used to determine inorganic anions such as halides, selenide, and 
sulfide, and oxyanions such as MoO4
-2
 and VO3
-1
. In addition, many organic compounds, 
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such as nucleic acid bases, also form insoluble mercury salts and may be determined by 
CSV (68). 
 Adsorptive stripping voltammetry (AdSV) is similar to anodic and cathodic 
stripping methods. The main difference is that the analyte is preconcentrated on the 
electrode surface by adsorption or by specific reactions at chemically modified electrodes 
rather than accumulation by electrolysis. This method is suitable for trace metals along 
with organic compounds that have surface active properties (68). 
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Figure 1.5: Normal pulse potential sweep (66). 
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Figure 1.6: Deferential pulse potential sweep (66). 
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Figure 1.7: Square wave potential sweep (66). 
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Figure 1.8: Linear potential sweep (63). 
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1.3.2 Other Techniques 
1.3.2.1 Inductively Coupled Plasma- Mass Spectroscopy (ICP-MS) 
 
Elemental determination can be achieved by Inductively Coupled Plasma Mass 
Spectrometry or ICP-MS. Which has been introduced commercially in 1983 (69), It has a 
very good detection limits for most elements, the ability to handle both simple and 
complex matrices and the ability to obtain isotopic information. 
This device combines a high-temperature ICP (Inductively Coupled Plasma) 
source which will convert the atoms into ions (Figure 1.9), and a mass spectrometer which 
will separate the atoms. 
The aerosol flows in the inner channel and the Argon gas flows inside the 
concentric channels of the ICP torch. The torch is surrounded by an RF load coil 
connected to a radio-frequency (RF) generator. This coil makes an electric and a magnetic 
field at the end of the torch. When a spark is applied to the argon flowing through the ICP 
torch, electrons are stripped off of the argon atoms forming argon ions. These ions will hit 
other argon atoms, forming an argon discharge or plasma. The sample is added to the 
aerosol flow which will carry it to the ICP torch and ionizes it then carry it to the end of 
the torch then to the mass spectra. 
After the flow enters the mass spectrometer with a pressure of 1-2 torr it passes by 
vacuum region which will decrease the pressure into less than 1 x 10
-5 
torr. To prevent the 
ICP torch photons from entering the mass spectrometer a similar device is placed at the 
entrance of the MS called the shadow stop (Figure 1.10). The ions from the ICP source 
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are then focused by the electrostatic lenses in the system by electrostatic lens charged with 
a positive charge. 
Once the ions enter the mass spectrometer, they are separated by their mass-to-
charge ratio usually by a quadrupole filter (Figure 1.11). In a quadrupole mass filter, 
alternating AC and DC voltages are applied to opposite pairs of the rods. These voltages 
are then rapidly switched along with an RF-field. An electrostatic filter is established that 
only allows ions of a single mass-to-charge ratio (m/e) pass through the rods to the 
detector at a given instant in time. Typical quadrupole mass spectrometers used in ICP-
MS have resolutions between 0.7 – 1.0 amu. Those ions after separation will strike the 
detector which translates the number of ions into an electrical signal that can be measured 
and related to the number of atoms of that element in the sample via the use of calibration 
standards (69). 
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Figure 1.9: ICP source (50). 
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Figure 1.10: ICP - MS entrance (69). 
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Figure 1.11: Mass spectroscopy quadrupole filter (69). 
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1.3.2.2 Scanning Electron Microscopy (SEM) 
 
In scanning electron microscopy (SEM) an electron beam is focused into a small 
probe and scanned across the surface of a specimen. Several interactions with the sample 
that result in the emission of electrons or photons as the electrons penetrate the surface. 
These emitted particles can be collected with the appropriate detector to yield valuable 
information about the material. The most immediate result of observation in the scanning 
electron microscopy is that the shape of the sample. Their solution is determined by beam 
diameter (Figure 1.12). 
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Figure 1.12: Scanning Electron Microscopy (SEM) (70). 
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The work of the electron microscopy is similar to the work of optical one. The 
main difference between them is that we use electrons instead of light and magnetic field 
instead of lenses. The interaction between the electrons and the sample surface produce 
signals that are converted into topography, composition and electrical conductivity. There 
are three types of signals produced by the SEM. Secondary electrons are electrons 
generated by the ionization process using any source of radiation. This technique can 
produce very high-resolution images of a sample surface, revealing details less than 1 nm 
in size. Back-scattered electrons (BSE) are the beam of electron reflected from the sample 
by scattering. Since the intensity of the scattered electron beam depends on the sample 
properties such as atomic number, the BSE will give us a good idea about the distribution 
of different elements at the surface. The applied electron beam can also affect the inner 
orbitals of the atoms in the surface of the samples. That may cause the inner orbitals to 
loss its electrons and force the higher levels electrons to fill the position and release 
energy. This type is called the characteristic X-rays. The characteristics of this energy are 
used to identify the compositions and measure the abundance of the element in the 
sample. This technique can be used for almost any kind of samples and will give us a 
three-diminution image of the surface (71, 72). 
 
1.3.3 Carbon Electrode Surfaces 
 
 Carbonaceous materials have many desirable properties that have attracted their use 
in electrochemistry especially for electrodes and other cell component for batteries, and 
these properties are good electrical conductivity, acceptable corrosion resistance, 
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availability in high purity, high thermal conductivity, dimensional and mechanical 
stability, light in weight and ease of handling, availability in a variety of physical 
structures, ease of fabrication into composite structures and low cost. Many forms of 
carbon are suitable for electroanalysis such as glassy carbon and graphite carbon (69). 
 
1.3.3.1 Glassy Carbon Electrode (GCE) 
 
 Glassy carbon, also called vitreous carbon, is isotropic with low porosity. It can be 
fabricated as different shapes, sizes and sections, is a non-graphitizing carbon which 
combines glassy and ceramic properties with those of graphite. The most important 
properties are high temperature resistance, hardness, low porosity, low adsorptivity, low 
density, low electrical resistance, low friction, low thermal resistance, extreme resistance 
to chemical attack and impermeability to gases and liquids (69). Although the low 
adsorptivity results in low sensitivity, modifying the surface or increasing the 
electrochemical accumulation time can enhance the analysis and increase the detection 
limit or enhance the selectivity (73). Glassy carbon is widely used as an electrode material 
in electrochemistry, as well as for high temperature crucible and as a component of some 
prosthetic devices. 
Several modifiers can be used with the glassy carbon electrode but the metals are 
the most common such as mercury (74), gold (75), copper (76), lead (77), platinum (78), 
bismuth (79-81) and bismuth nanoparticals (82) which facilitate the precipitation of 
amalgam forming and electropositive elements. Other studies suggested the use of 
dimetallic alloy to enhance the detection such as tin-bismuth (83), mercury-bismuth (84). 
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Organic substances can also be used as a modifier such as macrocyclic compounds (85), 
ethylene diaminetetraacedic (86), nafion (80), polymers (87), bioactive compounds (88, 
89) and nanotubes (90). 
The voltammetric behavior of a glassy carbon electrode is also known to change because 
of the degradation of the modified surface which results in displacing the current peak 
position, distortion of the peak height or even adding a new peak due to the contamination 
possibility, which affects the reproducibility (91). 
 Several methods have been used  as a treatment to the electrode surface prior to use 
such as mechanical polishing (92), treatment with reagents (93), and exposure to 
microwaves (94, 95). Usually most glassy carbon electrodes are treated mechanically by 
polishing using sub-micron alumina powder (Al2O3) and then washed with deionized 
water. 
1.3.3.2 Graphite Pencil Electrode (GPE) 
 
 Renewable graphite pencil writing devices have been available for many years. A 
few years ago, the pencil lead has been used in electroanalytical chemistry as a material 
for electrodes. For example, it has been used in anodic stripping voltammetric 
measurements of trace metals (67) and for adsorptive stripping potentiometry of nucleic 
acids (96), also as a renewable biosensor for label-free electrochemical detection of DNA 
hybridization (97). 
 One of the advantages of graphite pencil electrode (GPE) is that it can be extruded 
to different lengths to yield different surface areas which make this electrode very suitable 
for many applications. Usually a pentel pencil (Japan) is used as a holder for the pencil 
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lead. Electrical contact with the lead is achieved by soldering a metallic wire to the 
metallic part that holds the lead in place inside the pencil (Figure 1.13A).  
 
1.3.3.3 Carbon Paste Electrode (CPE) 
 
 A carbon-paste electrode (CPE) is made from a mixture of conductive graphite 
powder and a pasting liquid (Figure 1.13B). These electrodes are simple to make and offer 
an easily renewable surface for electron exchange. Carbon paste electrodes belong to a 
special group of heterogeneous carbon electrodes. These electrodes are widely used 
mainly for voltammetric measurements. Carbon pastes are easily obtainable at minimal 
costs and are especially suitable for preparing an electrode material modified with 
admixture of other compounds (98). 
 
1.3.3.4 Glassy Carbon Paste Electrode (GCPE) 
 
 Glassy carbon paste electrode (GCPE) is a new carbon composite electrode material 
based on mixing glassy carbon (GC) micro particles with mineral oil. The glassy carbon 
paste electrode has the electrochemical properties of glassy carbon with the advantages of 
composite electrodes. Glassy carbon paste electrode (GCPE) have many advantages such 
as high electrochemical reactivity, a wide accessible potential window, a low background 
current, inexpensive, easy to prepare, to modify, and to renew. Comparing with the 
conventional carbon paste electrode (CPE), the new material has a lower double-layer 
capacitance and a higher heterogeneous rate constant.  
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Figure 1.13: Schematic diagram of pencil electrode (A) and carbon 
paste electrode (B). 
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1.4 Objectives 
 
 The main objectives of the current research are as on the following: 
- Screen for toxic heavy metals contaminants in drinking water samples. 
- Fabricate suitable transducers for the sensor. 
- Develop field-deployable sensors. 
- Characterize the developed sensors. 
- Test the developed sensors.  
- Run on field detection assays. 
- Decentralize the water testing of heavy metals in water samples. 
- Introduce an effective alternative sensing electrodes and easy-to-use microanalyzers that 
would have a major impact upon the monitoring of toxic heavy metals particularly Cd(II),  
Pb(II) and Zn(II) in drinking water.  
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CHAPTER 2 
2.0 ELECTROCHEMICAL INVESTIGATION AND 
ANALYTICAL DETERMINATION OF Zn(II), Cd(II) AND 
Pb(II) USING Bi- & Hg- MODEFIED ELECTRODES. 
 
2.1 INTRODUCTION 
  Several pollutants can be found in the drinking water. Heavy metals pollution 
is considered to be a major problem in the world due to its toxicity at low concentration 
levels. Several heavy metals such as lead, cadmium and zinc have been studied and 
represent a major public health concerns because they are ubiquitous and affects several 
organs in humans. For these reasons, lead, cadmium and zinc measurements are critically 
important in industrial, food and environmental safety, clinical diagnosis and toxicology 
(99). 
 Many analytical methods have been certified as standard techniques for heavy 
metals determination such as electro-thermal atomic absorption spectrometry (ET-AAS), 
flame atomic absorption spectrometry (FAAS), inductively coupled plasma mass 
spectrometry (ICP-MS), and inductively coupled plasma optical emission spectrometry 
(ICP-OES) (100). Those techniques are costly, complex instrumentation and cannot be 
taking on field. 
 Because of the accuracy, low detection limits and low cost electrochemical stripping 
analysis is considered to be a very important tool for the trace determination of various 
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elements and compounds. 
 The remarkable sensitivity of electrochemical stripping analysis is attributed to the 
combination of an effective preconcentration step with advanced electrochemical 
measurements of the accumulated analytes (101-103), especially for adsorptive stripping 
voltammetry (AdSV) where the analyte is deposited on the working electrode by 
adsorption. However, the electrode material plays a major rule to give a good adsorption 
of the analyte and stable and reproducible electrode surface (99). The most commonly 
used working electrode material utilizing this method is the glassy carbon electrode plated 
with mercury film (104). 
 However, the toxicity and volatility of the mercury electrode limits its applicability 
for in situ measurements as a platform of disposable sensor. Several plated Bi film-
electrodes have been reported as an alternative electrode to mercury electrodes because Bi 
is an environmentally-friendly material and has a similar performance compared with 
mercury in the measurement of heavy metals using anodic stripping voltammetry (ASV) 
(105). 
 Even though the Bi film electrode can be a good (green) replacement of the mercury 
film, the detection limit and the sensitivity of the mercury is better. Several studies were 
carried out using polymers, such as ethylenediaminetetraacedic acid, crown ether, EDTA, 
phenol red and aniline has reported as an enhancer to the Bi film (100,103,106). Also 
using nanoparticles to enhance the trace metals detection has been reported where screen-
printed carbon electrodes with bismuth (Bi) nanoparticles has been used for the detection 
of trace Zn
2+
, Cd
2+
 and Pb
2+
(107). 
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 In 2000, Wang, for the first time, reported a Bi-coated carbon electrode as a sensor 
for the stripping voltammetric analysis of lead, cadmium and zinc (105). The Bi coated 
electrode is considered to be a good replacement as a green element and gives results 
comparing to the mercury one 
 Bismuth film electrodes (BiFEs) have drawn considerable interests due to its 
remarkable low toxicity and its ability to form alloy with many other metals, as well as its 
partial insensitivity to dissolved oxygen. On the other hand, it has a wide potential 
window for determination trace metals combining electrochemical stripping techniques 
(108), those attractive performances make it preferable comparing to the toxic mercury. 
The detection at the surface of a Bi electrode is due to the capacity of Bi to form a „fused 
alloy‟ with some heavy metals (e.g., lead) and it has the advantage of not requiring the 
removal of dissolved oxygen during stripping analysis (102). 
 In the electrochemical-stripping analysis technique with Bi electrodes there are two 
different steps; a preconcentration step, where the heavy metals (zinc, cadmium and lead) 
are reduced to form an alloy with Bi, and a reduction step, were the heavy metals are 
reoxidized and goes back in solution. The concentrations of the targeted heavy metals are 
determined by SWV technique. 
 Earlier study was reported by Wang et al (109), where a screen-printed electrode 
(SPE) was first coated with a Bi film using square-wave voltammetric stripping analysis, 
a linear range for lead detection (10-100 µg/L) with a good precision was obtained. The 
main problem in this method was that the Bi film may degrade due to its poor adhesively 
to the working electrode surface. An interesting investigation was carried out by the 
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Ogorevics group, adding NaBr salt to the acetate working solution, because this salt 
seems to promote a denser growth of smaller Bi crystals (99, 110). However, at Bi(III) 
concentrations greater than 1 mg/L, a reduction in the peak intensity was observed, 
associated to the formation of a thick layer of Bi on the electrode surface that partially 
blocks the conductive surface of the electrode, reducing the number of sites (99, 111, 112) 
 Several methods have been studied in order to enhance the detection. In 2001 
Vijakumar and Ashwini reported the using carbon paste mixed with 18-crown-6 ether as a 
working electrode for the trace analysis of lead. The strong complexation of 18-crown-6 
with lead has been advantageously used to enhance the voltammetric signals and to 
decrease the interference from other transition-metals (106). 
 Similar study by Md. Aminur-Rahman and others in 2003 report the EDTA-bonded 
conducting polymer modified electrode. The electrode was used for the selective 
electrochemical analysis of various trace metal ions such as, Cu(II), Hg(II), Pb(II), Co(II), 
Ni(II), Fe(II), Cd(II), and Zn(II). The technique offers an excellent way for the selective 
trace determination of various heavy metal ions in a solution (113). 
 In 2006 Wei Wei Zhu developed a novel study by voltammetric method (anodic) 
using a bismuth/poly(aniline) film electrode for simultaneous measurement of Pb(II) and 
Cd(II) at low concentration levels by stripping voltammetry. The results confirmed that 
the bismuth/poly(aniline) film electrode offered high-quality stripping performance 
compared with the bismuth film electrode. Well-defined sharp stripping peaks were 
observed for Pb(II) and Cd(II), along with an extremely low baseline (114). 
 In 2007 Gongjun Yang also reported the behavior of lead(II) at poly(phenol red) 
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modified glassy carbon electrode, and its trace determination by differential pulse anodic 
stripping voltammetry. The electrode offers attractive properties such as simplicity of 
electrode preparation, good reproducibility and ability of anti-jamming. The detection 
limit obtained here is very close to what obtained by the well-known Hg- based DPSV 
approach (115). 
 Later on several studied aimed to improve the voltammetric response the 
nanomaterials such as nanotubes gain lots of interest due to its high surface area. This 
property made them ideal to be used as a surface for the anodic stripping (116). Janegitz 
and co-workers made an electrode consisted of carbon nanotube paste modified with 
cross-linked chitosan, a hydroxyl and amine-rich polysaccharide capable of chelating 
heavy metals, this electrode have the capability of sensitive detection of cupper (117).  
Similar study had been reported by Morton and co-workers using Cysteine-modified 
multiwalled carbon nanotubes (MWCNTs) were cast onto glassy carbon electrodes for the 
detection of lead and copper in water. After 10 minutes accumulation time they achieved 
a 1.0 and 15.0 ppb limit of detection for lead and copper respectively (118). 
 Bismuth accompanied by carbon nanotube took advantage of the wide potential 
window and insensitivity of Bi to O2, as well as the high surface area and strong 
adsorptive capabilities of the MWCNTs, this sensors exhibited limits of detections for 
lead and cadmium of 25 and 40 ppt, respectively (119). 
 Several approaches have been used to apply bismuth on the surface of the electrode, 
one is by casting Bi solution on the electrode, resulting in particle formation after solvent 
evaporation. This study was carried out by Rico and colleagues, they modified screen-
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printed carbon electrodes with bismuth (Bi) nanoparticles for the detection of trace zinc, 
cadmium and lead. Their method achieved limit of detection from 0.9 to 4.9 ppb after 120 
seconds accumulation (120). 
 
2.2 ELECTROCHEMICAL INVESTIGATION AND ANALYTICAL 
DETERMINATION USING Bi-MODIFIED ELECTRODES 
 
2.2.1 Apparatus 
 Voltammetry measurements were performed with an electrochemical work station 
(CHI1140A, CH Instruments Inc, Austin, TX, USA). The Ag/AgCl reference electrode (in 
3M KCl, CHI111, CH Instruments Inc), Glassy carbon working electrode (CHI 112, CH 
Instruments Inc) and platinum wire counter electrode (CHI115, CH Instruments Inc) were 
inserted into the 5 ml plastic cell through holes in its Teflon cover (Figure 2.1 A and B). 
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Figure 2.1: (A) The electrochemical work station (B) The cell setup. 
B 
A 
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2.2.2 Electrochemical Transducers Preparation 
 Glassy carbon Paste electrode (GCPE) was prepared by hand-mixing 70 mg of 20 
-50 µm glassy carbon with 30 mg of mineral oil. A small portion of the resulting paste 
was then packed firmly into a cavity of the PTFE sleeve. Electrical contact was 
established via copper wire. The paste surface was smoothed with a weighing paper. Also 
glassy carbon electrode (GCE), 3 mm diameter, was polished with 0.3 µm alpha alumina 
powder and was washed with double distilled water then tested. Carbon-paste electrodes 
(CPEs) were prepared by hand mixing of 70 mg of carbon powder with 30 mg of mineral 
oil, handled the same as the GCPE, and then was tested as well. 
 Other materials were tested as well. A pencil Model P205 (Pentel, Japan) was used 
as a holder for the pencil lead. Electrical contact with the lead was achieved by soldering 
a metallic wire to the metallic part that holds the lead in place inside the pencil. The pencil 
was fixed vertically with 11 mm of the pencil extrude outside and 10 mm of the lead that 
immersed in the solution. Such length corresponds to an active electrode area of about 
16.36 mm
2
. 
 
2.2.3 Reagents 
 Standard solutions prepared from Mercury, Bismuth, Zinc, Lead and Cadmium 
solutions from 1000 ppm AAS standard solution Fuluka analytical. Sodium acetate pH 3.5 
(0.1 M) buffer prepared from sigma-Aldrich 3M stock solution. 
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2.2.4 Procedure 
 Square wave voltammetry (SWV) measurements were performed by treating the 
surface at +0.6 V for 60s followed by 120 sec accumulation at -1.4 V in a stirred solution 
of 0.1 M acetate buffer (pH 3.5). This was followed by a subsequent stripping using a 
square wave voltammetric waveform, with an 8 mV potential increment, 100 Hz 
frequency and amplitude of 60 mV for the GC-Bi and with a 6 mV potential increment, 
80 Hz frequency and amplitude of 40 mV in the case of GC-Hg. The electrode surface 
was smoothed and rinsed carefully with deionized water prior to every measurement.  
 
2.2.5 Results and Discussion 
 After studying several material transducer types we have concluded that the glassy 
carbon electrode gives the best response for heavy metals determination in drinking water. 
 
2.2.5.1 Electrochemical Investigation 
In this work the simultaneous detection of the zinc, cadmium and lead heavy 
metals using SWV technique is possible. Figure 2.2 shows the square-wave stripping 
voltammogram for 40 ppb of Zn(II), Cd(II) and Pb(II) at GCE-Bi the peaks were 
identified for the three metals and the  peak area or peak height are proportional directly 
to the concentration. 
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Transducer selection: 
We have screened different transducers in the presence of Bi(III), the response of 
GCE-Bi has been taken at four different concentrations, 0.0, 20, 40 and 60 ppb of Zn(II), 
Cd(II) and Pb(II). The transducers that were used here are the glassy carbon (GCE) 
(Figure 2.3), the carbon paste (CPE) (Figure 2.4), and the graphite pencil (GPE) (Figure 
2.5). As shown clearly, GC is the best transducer among the tested transducers, and thus 
used for the subsequent experiments. 
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Figure 2.2: Square-wave stripping voltammograms of 40 ppb of 
Zn(II), Cd(II) and Pb(II) using GCPE in presence of 600 ppb Bi(III). 
Accumulation time, 2.0 min at -1.4V; Potential step, 8 mV; 
Frequency, 100 Hz; Amplitude, 60 mV. 
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Figure 2.3: Square-wave stripping voltammograms of  Zn(II), Cd(II) 
and Pb(II) at GCE in presence of 600 ppb Bi(III) in acetate buffer 
solution (0.1 M, pH 3.5 ); amplitude, 60 mV; frequency, 100 Hz; 
potential increment, 8 mV; accumulation time, 2.0 min at -1.4 V. For  
Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, (b) 20 ppb, (c) 40 
ppb, (d) 60 ppb. 
 
  
a 
d 
Zn(II) 
Cd(II) 
Pb(II) 
53 
 
 
 
 
 
 
Figure 2.4: Square-wave stripping voltammograms of  Zn(II), Cd(II) 
and Pb(II) at Carbon Paste Electrode in presence of 600 ppb Bi(III) 
in acetate buffer solution (0.1 M, pH 3.5); amplitude, 25 mV; 
frequency, 20 Hz; potential increment, 5 mV; accumulation time, 2.0 
min at -1.4 V. For  Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, 
(b) 20 ppb, (c) 40 ppb, (d) 60 ppb. 
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Figure 2.5: Square-wave stripping voltammogram of Zn(II), Cd(II) 
and Pb(II) at pencil in presence of 600 ppb Bi(III) in acetate buffer 
solution (0.1 M, pH 3.5); amplitude, 25 mV; frequency, 20 Hz; 
potential increment, 5 mV; accumulation time, 2.0 min at -1.4 V. For  
Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, (b) 20 ppb, (c) 40 
ppb, (d) 60 ppb. 
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2.2.5.2 Optimization 
Figure 2.6 shows the square-wave stripping voltammetric responses of 40 ppb of 
Zn(II), Cd(II) and Pb(II) at the bismuth modified-glassy carbon electrode (Bi-GCE) in 
acetate buffer solutions with different pHs. There is a ~50 mV cathodic potential shift for 
the Zn(II), Cd(II) and Pb(II) oxidation peak position with the increase of the pH from 3.0 
to 3.5. In the acetate medium, pH 3.5 was the optimum pH among all examined pHs with 
respect to the height and shape of the obtained oxidation peaks especially for Cd(II) and 
Zn(II) peaks. 
The SWASV for Zn(II), Cd(II) and Pb(II) was studied at different frequencies as shown 
in (Figure 2.7A). The plots are linear up to 100 Hz, and level off thereafter (Figure 2.7B) 
for that 100 Hz was chosen as the optimum value. On the other hand, it was found that 
the larger the pulse amplitude, the higher the Zn(II), Cd(II) and Pb(II) signals as shown in 
Figure 2.8A. The plots are linear up to 60 mV and start to decrease thereafter. For that 
60 mV was chosen as optimum pulse amplitude (Figure 2.8B). Figure 2.9A shows the 
influence of varying the potential increment, where all signals increase linearly and start 
to decrease after 8.0 mV (Figure 2.9B). So 8 mV was chosen as the optimum potential 
increment. 
The effect of the accumulation potential was done by varying the potential from -1.2, 
-1.3, -1.4 to -1.5 V (vs. Ag/AgCl) (Figure 2.10A). The accumulation potential -1.4 V was 
selected as the optimum potential for subsequent experiments as in the corresponding 
plot (Figure 2.10B). 
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Figure 2.6: Square-wave stripping voltammogram of 40 ppb Zn(II), 
Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in acetate 
buffer solution (0.1 M) at different pH values: (a) pH 3.0, (b) pH 3.5 
and (c) pH 4.0; amplitude, 60 mV; frequency, 100 Hz; potential 
increment, 8 mV; accumulation time, 2.0 min at -1.4 V. 
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Figure 2.7: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in 
acetate buffer solution (0.1 M, pH 3.5).  Accumulation time, 2.0 min 
at -1.4 V; Potential increment, 5 mV; Amplitude, 25 mV and 
Frequency: (a) 20 Hz, (b) 40 Hz, (c) 60 Hz, (d) 80 Hz and (e) 100 Hz. 
(B) The corresponding plot. 
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Figure 2.8: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in 
acetate buffer solution (0.1 M, pH 3.5).  Accumulation time, 2.0 min 
at -1.4 V; Potential increment, 5 mV; Frequency, 100 Hz; Amplitude: 
(a) 20 mV, (b) 30 mV, (c) 40 mV, (d) 60 mV. (B) The corresponding 
plot. 
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Figure 2.9: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in 
acetate buffer solution (0.1 M, pH 3.5).  Accumulation time, 2.0 min 
at -1.4 V; Amplitude, 60 mV; Frequency, 100 Hz; Potential 
increment: (a) 2 mV, (b) 4 mV, (c) 6 mV, (d) 8 mV. (B) The 
corresponding plot. 
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Figure 2.10 : (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in 
acetate buffer solution (0.1 M, pH 3.5). Amplitude, 60 mV; 
Frequency, 100 Hz; Potential increment, 8 mV; Accumulation time, 
2.0 min at: (a) -1.2 V, (b) -1.3 V, (c) -1.4 V and  (d) -1.5V. (B) The 
corresponding plot. 
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2.2.5.3 Reproducibility 
The reproducibility study has been carried out by using the optimum parameters for a 
solution containing 40 ppb of  Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb 
Bi(III) in acetate buffer solution (0.1 M, pH 3.5) and repeated for seven times (Figure 
2.11A). The recorded signals of Zn(II), Cd(II) and Pb(II) varied in response as in 
shown in Figure 2.11B. 
 
2.2.5.4 Analytical Determination 
To obtain a calibration curve under the optimum parameters, the SWASV responses 
of Pb(II), Cd(II) and Zn(II) were recorded in a concentration rang from 5.0 ppb to 250.0 
ppb as shown in (Figure 2.12A). Figure 2.12B shows the corresponding calibration plots. 
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Figure 2.11: (A)  Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in 
acetate buffer solution (0.1 M, pH 3.5). Amplitude, 60 mV; 
Frequency, 100 Hz; Potential increment, 8 mV; Accumulation time, 
2.0 min at -1.4 V. (B) The corresponding plot. 
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Figure 2.12A: Square-wave stripping voltammograms of Zn(II), 
Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) in acetate 
buffer solution (0.1 M, pH 3.5 ); Amplitude, 60 mV; Frequency, 100 
Hz; Potential increment, 8 mV; Accumulation time, 2.0 min at -1.4 V. 
A mixture of Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, (b) 5, 
(c) 10, (d) 15, (e) 20, (f) 30, (g) 40, (h) 50, (i) 100, (j) 150, (k) 200, (l) 
250 ppb. 
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Figure 2.12B: The corresponding calibration plots of Zn(II), Cd(II) 
and Pb(II) concentration ranges (A) 0-50 ppb and (B) 0 – 250 ppb.  
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2.3 ELECTROCHEMICAL INVESTIGATION AND ANALYTICAL 
DETERMINATION USING Hg-MODIFIED ELECTRODES 
2.3.1 Apparatus 
 
Details of apparatus were described earlier on the subsection 2.2.1. 
 
2.3.2 Electrochemical Transducers Preparation 
Details of the electrochemical transducers preparation were described earlier on 
the subsection 2.2.2. 
 
2.3.3 Reagents 
   Details of the reagents were described earlier on the subsection 2.2.3. 
 
2.3.4 Procedure 
  Details of the procedure were described earlier on the subsection 2.2.4. 
 
2.3.5 Results and Discussion 
 Glassy carbon electrode as a transducer gives the best response for heavy metals 
determination in drinking water. 
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2.3.5.1 Electrochemical Investigation 
In this work the simultaneous detection of the zinc, cadmium and lead heavy 
metals using SWV technique is possible. Figure 2.13 shows the square-wave stripping 
voltammogram for 40 ppb of Zn(II), Cd(II) and Pb(II) at GCE-Hg. The peaks were 
identified for the three metals and the peak area or peak heights are proportional directly 
to the concentration. 
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Figure 2.13: Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 4.5).  Accumulation time, 2.0 min 
at -1.4V; Potential increment, 6 mV; Frequency, 100 Hz; Amplitude, 
70 mV. 
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Transducer selection: 
Different transducers have been studied in the presence of mercury. The 
transducers we have used here are the glassy carbon (GC), the carbon paste (CP) and the 
graphite pencil (GP) electrodes. 
 
 Glassy Carbon Electrode (GCE) in the presence of Hg(II) 
Figure 2.14 shows the response of GCE-Hg at four different concentration levels (0.0, 20, 
40 and 60 ppb) of Zn(II), Cd(II) and Pb(II). 
 Carbon Paste Electrode (CPE) in the presence of Hg(II) 
The response of CPE-Hg at four different concentration levels of Zn(II), Cd(II) 
and Pb(II) is shown in (Figure 2.15). 
 Graphite Pencil Electrode (GPE) in the presence of Hg(II) 
Figure 2.16 shows the response of GPE-Hg at four different concentration levels 
of Zn(II), Cd(II) and Pb(II). 
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Figure 2.14: Square-wave stripping voltammograms of Zn(II), Cd(II) 
and Pb(II) at GCE in presence of 10 ppm Hg(II) in acetate buffer 
solution (0.1 M, pH 3.5); Amplitude, 70 mV; Frequency, 100 Hz; 
Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. For  
Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, (b) 20 ppb, (c) 40 
ppb, (d) 60 ppb. 
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Figure 2.15: Square-wave stripping voltammograms of Zn(II), Cd(II) 
and Pb(II) at Carbon Paste Electrode in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 3.5); Amplitude, 25 mV; 
Frequency, 25 Hz; Potential increment, 5 mV; Accumulation time, 
2.0 min at -1.4 V. For  Zn(II), Cd(II) and Pb(II) concentrations: (a) 
0.0, (b) 20 ppb, (c) 40 ppb, (d) 60 ppb. 
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Figure 2.16: Square-wave stripping voltammograms of Zn(II), Cd(II) 
and Pb(II) at graphite pencil electrode in presence of 10 ppm Hg(II) 
in acetate buffer solution (0.1 M, pH 3.5); Amplitude, 25 mV; 
Frequency, 25 Hz; Potential increment, 5 mV; Accumulation time, 
2.0 min at -1.4 V. For  Zn(II), Cd(II) and Pb(II) concentrations: (a) 
0.0, (b) 20 ppb, (c) 40 ppb, (d) 60 ppb. 
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2.3.5.2 Optimization 
Because of the buffer huge role in the detection, several acetate pHs media have been 
studied to find out the best pH suitable for detection, as shown in Figure 2.17A. 
Figure 2.17A shows the square-wave stripping voltammetric responses of 40 ppb 
Zn(II), Cd(II) and Pb(II) at the glassy carbon electrode (GCE) in presence of 10 ppm 
Hg(II) in acetate buffer solution (0.1 M) with different pHs: pH 3.0 (a), pH 3.5 (b), and 
pH 4.0 (c). The lead peaks are not affected by the variation in the pH, the cadmium 
highest peak is at pH 3.5 while the zinc decreases with increasing the pH in the acetate 
medium. pH 3.5 was the optimum pH among all examined pHs taking into consideration 
the three targeted metals  (Figure 2.17B).  
Effect of frequency has been studied on the response of 40 ppb of Zn(II), Cd(II) and 
Pb(II) as shown in Figure 2.18A, the electrochemical responses of 40 ppb of Zn(II), 
Cd(II) and Pb(II) at frequencies  15, 35, 55, 75, 95, 100 and 105 Hz were obtained. Peak 
current versus frequency were plotted in Figure 2.18B. It has been noticed that the plot is 
linear up to 100 Hz, and levels off thereafter. For that 100 Hz was chosen for the optimum 
conditions 
It was found also that the larger the pulse amplitude, the higher the Zn(II), Cd(II) 
and Pb(II) signals as shown in Figure 2.19 with a shift toward the anodic side (Figure 
2.19A). The corresponding plot is linear up to 70 mV and levels off thereafter. For that 70 
mV was chosen as the optimum pulse amplitude (Figure 2.19B). 
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Figure 2.17: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M) at different pH values: (a) pH 3.0, (b) 
pH 3.5, and (c) pH 4.0; Amplitude, 70 mV; Frequency, 100 Hz; 
Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. (B) 
The corresponding plot. 
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Figure 2.18: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 3.5);  Accumulation time, 2.0 min 
at -1.4 V ; Potential increment, 5 mV; Amplitude, 25 mV; Frequency: 
(a) 15 Hz, (b) 35 Hz, (c) 55 Hz, (d) 75 Hz, (e) 95 Hz, (f) 100 Hz, (g) 105 
Hz. (B) The corresponding plot. 
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Figure 2.19: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 3.5);  Accumulation time, 2.0 min 
at -1.4 V; Potential increment, 5 mV; Frequency, 100 Hz; Amplitude: 
(a) 50 mV, (b) 60 mV, (c) 70 mV, (d) 80 mV. (B) The corresponding 
plot. 
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In Figure 2.20 we have studied the influence of varying the potential increment. The 
signals increase slightly with the increase of the potential increment. We have chosen 7 
mV as the optimum potential increment. 
We have studied the accumulation potential from -1.2, -1.3, -1.4 to -1.5 V (vs. 
Ag/AgCl) (Figure 2.21). We have found that there is no big influence on varying the 
accumulation potential (Figure 2.21B). We choose the optimum potential to be -1.4 V. 
2.3.5.3 Reproducibility 
The reproducibility study has been carried out by using the optimum parameters 
for a solution containing 40  ppb of  Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 
ppm Hg(II) in acetate buffer solution (0.1 M, pH 3.5) and repeated for seven times (Figure 
2.22A). The recorded signals of Zn(II), Cd(II) and Pb(II) varied in response as  shown in 
Figure 2.22B. 
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Figure 2.20: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 3.5);  Accumulation time, 2.0 min 
at -1.4 V; Amplitude, 70 mV; Frequency, 100 Hz; Potential 
increment:  (a) 5 mV, (b) 6 mV, (c) 7 mV. (B) The corresponding 
plot. 
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Figure 2.21: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 3.5); Amplitude, 70 mV; 
Frequency, 100 Hz; Potential increment, 6 mV; Accumulation time, 
2.0 min at: (a) -1.2 V, (b) -1.3 V, (c) -1.4 V, (d) -1.5V. (B) The 
corresponding plot. 
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Figure 2.22: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 10 ppm Hg(II) in 
acetate buffer solution (0.1 M, pH 3.5); Amplitude, 70 mV; 
Frequency, 100 Hz; Potential increment, 6 mV; Accumulation time, 
2.0 min at -1.4 V. (B) The corresponding plot. 
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2.3.5.4 Analytical Determination 
To study the calibration curve we have used the optimum parameters on the 
solution containing a mixture of Zn(II), Cd(II) and Pb(II) with the following 
concentrations: blank, 1, 3, 5, 7, 10, 12, 14, 16, 18 and 20 ppb (Figure 2.23A). Figure 
2.23B shows the corresponding calibration plots. 
The measured limit of quantitations (LOQs) and the calculated detection limits 
(DL) obtained using the Hg-GCE modified electrodes as well as the standard deviations 
are tabulated in Table 2.1. 
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Figure 2.23A: Square-wave stripping voltammograms of Zn(II), 
Cd(II) and Pb(II) at GCE in presence of10 ppm Hg(II) in acetate 
buffer solution (0.1 M, pH 3.5 ); Amplitude, 70 mV; Frequency, 100 
Hz; Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. 
A mixture of Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, (b) 1, 
(c) 3, (d) 5, (e) 7, (f) 10, (g) 12, (h) 14, (i) 16, (j) 18, (k) 20 ppb. 
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Figure  2.23B:  The corresponding calibration plots of Figure 2.23A. 
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Table 2.1:  Limits of Detection and Quantification Obtained at GC-Hg(II) electrode. 
 
 
Heavy 
Metal  
 
LOD  
(ppb) 
 
LOQ  
(ppb) 
 
RSD  
(%) 
Zn(II) 1.5 3.0 11.9 
Cd(II) 1.5 3.0 7.4 
Pb(II) 0.3 1.0 6.7 
 
 
  
84 
 
 
CHAPTER 3 
3.0 ELECTROCHEMICAL INVESTIGATION AND 
ANALYTICAL DETERMINATION OF Zn(II), Cd(II) 
AND Pb(II) USING Bi/Hg ALLOY-MODIFIED 
ELECTRODES 
 
3.1 INTRODUCTION 
  Square wave stripping voltammetry (SWSV) is a powerful technique used for 
the rapid determination of trace levels of metal ions. Due to the toxicity of the 
mercury and the environmental concern, stripping voltammetric techniques have 
been used to develop mercury-free electrodes (65). Several modifiers have been 
explored such as mercury (74), gold (75), copper (76), lead (77), platinum (78), 
bismuth (79-81) and bismuth nanoparticals (82) which facilitated the precipitation of 
amalgam forming and electropositive elements. Other studies suggested the use of 
dimetallic alloy to enhance the detection such as tin-bismuth (83, 84). In this chapter 
we are going to explore the Bi/Hg dimetallic alloy to the analytical determination of 
Zn(II), Cd(II) and Pb(II) heavy metals. 
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3.2 ELECTROCHEMICAL INVESTIGATION AND ANALYTICAL 
DETERMINATION 
3.2.1 Apparatus 
Details of apparatus were described earlier on the subsection 2.2.1.  
3.2.2 Electrochemical Transducers Preparation 
Details of the electrochemical transducer preparation were described earlier on the 
subsection 2.2.2.  
3.2.3 Reagents 
 Details of the reagents were described earlier on the subsection 2.2.3. Acetate 
buffer solution (0.1 M, pH 4.5) was obtained from Sigma (USA). 
3.2.4 Procedure 
 Square wave voltammetry (SWV) measurements were performed by treating the 
surface at +0.6V for 60s followed by 120s accumulation at -1.4 V in a stirred solution of 
0.1 M acetate buffer (pH 4.5). This was followed by a subsequent stripping using a square 
wave voltammetric waveform, with a 6 mV potential increment, 80 Hz frequency and 
amplitude of 40 mV. The electrode surface was smoothed and rinsed carefully with 
deionized water prior to every measurement.  
 
3.2.5 Results and Discussion 
 After studying several material transducer types we have concluded that the glassy 
carbon electrode gives the best response for heavy metals determination in drinking water. 
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3.2.5.1 Electrochemical Investigation 
In this work the simultaneous detection of the Zn(II), Cd(II) and Pb(II) heavy 
metals using SWV technique is possible. (Figure 3.1) shows the square-wave stripping 
voltammogram for 20 ppb of Zn(II), Cd(II) and Pb(II) at GCE-Hg/Bi alloy. The peaks 
were identified for the three metals and the peaks area or peaks height are proportional 
directly to the concentration. 
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Figure 3.1: Square-wave stripping voltammogram of 20 ppb of 
Zn(II), Cd(II) and Pb(II) using Glassy Carbon Electrode in the 
presence of 10 ppm Hg(II) and 600ppb Bi(III) in acetate buffer 
solution (0.1 M, pH 4.5); Accumulation time, 2.0 min at -1.4 V; 
Potential increment, 6 mV; Frequency, 80 Hz; Amplitude, 40 mV. 
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The surface of the working electrode has a huge effect on the detection. A 
solution containing 20 ppb concentration of Zn(II), Cd(II), and Pb(II) mixture has been 
detected using three different surfaces, we have found that the voltammogram responses 
for the GCE-Hg/Bi alloy (c) is better than that obtained at the GCE-Bi (a) or GCE-Hg 
(b), as shown in Figure 3.2. 
Since the influence of adding the two metals together are obvious, more studies 
have been done to find out the optimum composition of mercury and bismuth 
concentrations. This is done by keeping the concentration of the mercury constant while 
varying the concentration of the Bismuth (Figure 3.3) and vise versa (Figure 3.4).  
The concentration of the Hg(II) has been fixed at 10 ppm and several 
voltamograms have been obtained by varying the Bi(III) concentration. The Bi(III) 
optimum concentration has been found to be 600 ppb as shown in Figure 3.3. 
After finding the optimum Bi(III) concentration it is fixed to 600 ppb and we 
started to vary the Hg(II) as shown in Figure 3.4. After adding 10 ppm of Hg(II) there was 
no more enhancement in the peak area for the targeted metals. The optimum Hg(II) 
concentration is 10 ppm (Figure 3.4).  
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Figure 3.2: Square-wave stripping voltammograms of 20 ppb Zn(II), 
Cd(II) and Pb(II) at Glassy Carbon Electrode in presence of: (a) 600 
ppb Bi(III),  (b) 10 ppm Hg(II) and (c) 10 ppm Hg(II) and 600 ppb 
Bi(III) alloy, in acetate buffer solution (0.1 M, pH 4.5). Other 
conditions as in Figure 3.1. 
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Figure 3.3: Square-wave stripping voltammograms of 20 ppb   
Zn(II), Cd(II) and Pb(II) using Glassy Carbon Electrode in acetate 
buffer solution (0.1 M, pH 4.5) containing 10 ppm Hg(II) and Bi(III) 
concentrations: (a) 100 ppb, (b) 400 ppb, (c) 600 ppb, (d) 800 ppb. 
Other working conditions as Figure 3.1.  
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Figure 3.4: Square-wave stripping voltammograms of 20 ppb   
Zn(II), Cd(II) and Pb(II) using Glassy Carbon Electrode in acetate 
buffer solution (0.1 M, pH 4.5) containing 600 ppb Bi(III) and Hg(II) 
concentrations: (a) 1 ppm, (b) 5 ppm, (c) 10 ppm, (d) 15 ppm. Other 
working conditions as Figure 3.1.   
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Transducer Selection: 
We have screened different transducers in the presence of Bi(III)/Hg(II). The 
transducers were used here are the Glassy carbon Electrode (GCE, Figure 3.5), the Glassy 
Carbon Paste Electrode (GCPE, Figure 3.6), the Graphite Pencil Electrode (GPE, Figure 
3.7), the Graphite Paste Electrode (CPE, Figure 3.8) and the Carbon Nanotubes Past  
Electrode (CNPE, Figure 3.9). The response are shown for GCE-Bi/Hg at four different 
concentrations, 0.0, 20, 40 and 60 ppb, of Zn(II), Cd(II) and Pb(II). As shown clearly, GC 
is the best transducer among the tested transducers, and thus was used for the subsequent 
experiments. 
Another method is to use CNT dissolved in several solvents (e.g. Nafion and 
DMF) and 20 µL was dropped at the GCE surface and allowed to dry. Then these surface 
modified CNT-GCEs were tested as shown in Figure 3.10. 
Considering all the tested transducers, the Glassy Carbon Electrode (GCE) gave 
the best results for the current detection. So it was chosen to carry subsequent 
experiments.  
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Figure 3.5: Square wave stripping voltammograms of  Zn(II), Cd(II) 
and Pb(II) at Glassy Carbon Electrode (GCE) in presence of 600 ppb 
Bi(III) and 10 ppm Hg(II) in acetate buffer solution (0.1 M, pH 4.5); 
Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 6 mV; 
Accumulation time, 2.0 min at -1.4 V. For  Zn(II), Cd(II) and Pb(II) 
concentrations: (a) 0.0, (b) 10 ppb, (c) 20 ppb, (d) 30 ppb, (e) 40 ppb, 
(f) 50 ppb. 
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Figure 3.6: Square wave stripping voltammograms of  Zn(II), Cd(II) 
and Pb(II) at Carbon Paste Electrode (CPE) in presence of 600 ppb 
Bi(III) and 10 ppm Hg(II) in acetate buffer solution (0.1 M, pH 4.5 ); 
Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 6 mV; 
accumulation time, 2.0 min at -1.4 V. For  Zn(II), Cd(II) and Pb(II) 
concentrations: (a) 0.0, (b) 20 ppb, (c) 40 ppb, (d) 60 ppb. 
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Figure 3.7: Square-wave stripping voltammograms of Zn(II), Cd(II) 
and Pb(II) at Graphite Pencil Electrode (GPE) in presence of 600 
ppb Bi(III) and 10 ppm Hg (II) in acetate buffer solution (0.1 M, pH 
4.5); Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 6 
mV; Accumulation time, 2.0 min at -1.4 V. For  Zn(II), Cd(II) and 
Pb(II) concentrations: (a) 0.0, (b) 20 ppb, (c) 40 ppb, (d) 60 ppb. 
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Figure 3.8: Square-wave stripping voltammograms of  Zn(II), Cd(II) 
and Pb(II) at Glassy Carbon Paste Electrode (GCPE) in presence of 
600 ppb Bi(III) and 10 ppm Hg (II)  in acetate buffer solution (0.1 M, 
pH 4.5); Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 
6 mV; Accumulation time, 2.0 min at -1.4 V. For  Zn(II), Cd(II) and 
Pb(II) concentrations: (a) 0.0, (b) 20 ppb, (c) 40 ppb, (d) 60 ppb. 
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Figure 3.9: Square-wave stripping voltammograms of  Zn(II), Cd(II) 
and Pb(II) at Carbon Nanotubes Paste Electrode (CNTPE) in 
presence of 600 ppb Bi(III) and 10 ppm Hg (II) in acetate buffer 
solution (0.1 M, pH 4.5); Amplitude, 40 mV; Frequency, 80 Hz; 
Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. For  
Zn(II), Cd(II) and Pb(II) concentrations: (a) 0.0, (b) 20 ppb, (c) 40 
ppb, (d) 60 ppb. 
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Figure 3.10: Square-wave stripping voltammograms of 20 ppb 
Zn(II), Cd(II) and Pb(II) at: (a) Bare GCE, (b) CNT/DMF-GCE and 
(c) CNT/Nafion-GCE. in acetate buffer solution (0.1 M, pH 4.5); 
Frequency, 80 Hz; Amplitude, 40 mV; Potential increment, 6 mV; 
Accumulation time 2.0 min at -1.4 V. 
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3.2.5.2 Optimization 
Since the electrical response of the targeted heavy metals relies on the stripping 
voltammetric detection, it is essential to examine and optimize relevant experimental 
parameters. 
The effect of buffer medium has been carried out by changing the pH value of the 
acetate buffer in two different analyte concentrations 20 ppb and 40 ppb of Zn(II), Cd(II) 
and Pb(II). Figure 3.11 and Figure 3.12 show the squarewave stripping voltammetric 
responses of 20 ppb and 40 ppb of Zn(II), Cd(II) and Pb(II) at the glassy carbon electrode 
(GCE) in acetate buffer solutions with different pHs. There was a cathodic potential shift 
for the Zn(II), Cd(II) and Pb(II) oxidation peak position with the increase of the pH. In the 
acetate medium, pH 4.5 was the optimum pH among all examined pHs with respect to the 
height and shape of the obtained oxidation peaks of the tested analytes.  
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Figure 3.11:  (A) Square-wave stripping voltammograms of 20 ppb of 
Zn(II), Cd(II) and Pb(II) heavy metals at GCE in the presence of 600 
ppb Bi(III) and 10 ppm Hg(II), in acetate buffer solution (0.1M) at 
different pH values:  (a) pH 3.5, (b) pH 4.0, (c) pH 4.5, (d) pH 5.0; 
Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 6 mV; 
Accumulation time, 2.0 min at -1.4V. (B) The corresponding plot. 
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Figure 3.12: (A) Square-wave stripping voltammograms of 40 ppb of 
Zn(II), Cd(II) and Pb(II) heavy metals at GCE in the presence of 600 
ppb Bi(III) and 10 ppm Hg(II), in acetate buffer solution (0.1M) at 
different pH values:  (a) pH 3.5, (b) pH 4.0, (c) pH 4.5, (d) pH 5.0; 
Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 6 mV; 
Accumulation time, 2.0 min at -1.4V. (B) The corresponding plot. 
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Effect of frequency has been studied on the response of 20 ppb of Zn(II), Cd(II) and 
Pb(II) as shown in Figure 3.13A, the electrochemical responses of 20 ppb of Zn(II), 
Cd(II) and Pb(II) at frequencies from 10 to 100 in 10 Hz steps were obtained. Peak 
current versus frequency were plotted in Figure 3.13B. It has been noticed that the signal 
increases linearly up to 80 Hz and then levels off. For that 80 Hz was chosen for the 
optimum conditions.  
It was found also that the larger the pulse amplitude, the higher the Zn(II), Cd(II) 
and Pb(II) as shown in Figure 3.14A. The responses were increasing is enhancing tell 40 
mV then it start to decrease (Figure 3.14B). For that 40 mV was chosen as the optimum 
pulse amplitude. 
In Figure 3.15, we have studied the influence of varying the potential increment 
where the signals increased linearly and started to decrease after 6 mV. So we choose 6 
mV as the optimum potential increment. 
Since we are trying to detect Zn(II) at -1.1 V it will be convenient to go lower in 
potential. We have studied -1.2, -1.3, -1.4 and -1.5 V (vs. Ag/AgCl) accumulation 
potential as shown in Figure 3.16. We have found that there is an increase in the signal 
with decreasing the accumulation potential. That increase stops at -1.4 V for the Zn(II) 
and Cd(II) while it continues for the Pb(II). We choose the optimum potential at -1.4 V. 
As expected increasing the accumulation time increases the signals for Zn(II), 
Cd(II) and Pb(II) yet after 600 Sec, the Zn(II) signal starts to decease. We have decided to 
set the accumulation time at 240 Sec to have a good detection, yet with fast experiment 
(Figure 3.17). 
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3.2.5.3 Reproducibility 
The reproducibility study has been carried out under the optimum  parameters for a 
solutions contain 20 ppb of  Zn(II), Cd(II) and Pb(II) (Figure 3.18), and another solution 
containing 40 ppb of  Zn(II), Cd(II) and Pb(II) (Figure 3.19) at GCE in presence of 600 
ppb Bi(III) and 10 ppm Hg(II) in acetate buffer solution (0.1 M, pH 4.5) and repeated for 
seven times. The RSD values were calculated and tabulated in Table 3.1. 
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Figure 3.13: (A) Square-wave stripping voltammograms of 20 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg(II), in acetate buffer solution (0.1 M, pH 4.5); 
Accumulation time, 2.0 min at -1.4V; Amplitude, 40 mV; Potential 
increment, 6 mV; Frequency: (a) 10 Hz, (b) 20 Hz, (c) 30 Hz, (d) 40 
Hz, (e) 50 Hz , (f) 60 Hz, (g) 70 Hz, (h) 80 Hz, (i) 90 Hz. (B) The 
corresponding plot. 
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Figure 3.14: (A) Square-wave stripping voltammograms of 20 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg(II), in acetate buffer solution (0.1 M, pH 4.5); 
Accumulation time, 2.0 min at -1.4 V; Accumulation time, 2.0 min at 
-1.4V; Potential increment, 5 mV; Frequency, 25 Hz; Amplitude: (a) 
20 mV, (b) 30 mV, (c) 40 mV, (d) 50 mV, (e) 60 mV. (B) The 
corresponding plot. 
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Figure 3.15: (A) Square-wave stripping voltammograms of 20 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg(II) in acetate buffer solution (0.1 M, pH 4.5); 
Accumulation time, 2.0 min at -1.4V; Frequency, 25 Hz; Amplitude, 
40 mV; Potential increment: (a) 1 mV, (b) 2 mV, (c) 3 mV, (d) 4 mV, 
(e) 5 mV, (f) 6 mV, (g) 7 mV, (h) 8 mV. (B) The corresponding plot. 
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Figure 3.16: (A) Square-wave stripping voltammograms of 20 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg(II), in acetate buffer solution (0.1 M, pH 4.5). Amplitude 
40 mV; Frequency, 80 Hz; Potential increment, 6 mV; Accumulation 
time, 2.0 min at: (a) -1.2 V, (b) -1.3 V, (c) -1.4 V, (d) -1.5 V. (B) The 
corresponding plot. 
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Figure 3.17: (A) Square-wave stripping voltammograms of 20 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg (II), in acetate buffer solution (0.1 M, pH 4.5); 
Amplitude, 40 mV; Frequency, 80 Hz; Potential increment, 6 mV; 
Accumulation Time at potential - 1.4 V for: (a) 60 Sec, (b) 120 Sec, 
(c) 180 Sec, (d) 240 Sec, (e) 300 Sec, (f) 360 Sec, (g) 420 Sec, (h) 480 
Sec, (i) 540 Sec, (j) 600 Sec and (k) 660 Sec. (B) The corresponding 
plot. 
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Figure 3.18: (A) Square-wave stripping voltammograms for 20 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg(II) in acetate buffer solution (0.1 M, pH 4.5); Amplitude 
40 mV; Frequency, 80 Hz; Potential increment, 6 mV; Accumulation 
time, 2.0 min at -1.4 V. (B) The corresponding histogram showing the 
degree of reproducibility. 
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Figure 3.19: (A) Square-wave stripping voltammograms of 40 ppb 
Zn(II), Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 
10 ppm Hg(II) in acetate buffer solution (0.1 M, pH 4.5); Amplitude 
40 mV; Frequency, 80 Hz; Potential increment, 6 mV; Accumulation 
time, 2.0 min at -1.4 V. (B) The corresponding histogram showing the 
degree of reproducibility. 
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3.2.5.4 Analytical Determination 
To study the calibration curve we have used the optimum parameters at a 
concentration range from 5 ppb to 250 ppb as shown in Figure 3.20A followed by 
constructing calibration plots as shown in Figure 3.20B. Limits of detection and 
quantitation are calculated as in Table 3.1. 
 
3.2.5.5 Interferences 
In this section we report on the effect of inorganic interferences such as Cu(II) as 
well as some organic compounds on the obtained Zn(II), Cd(II) and Pb(II) peaks. Copper 
ions (II) effect is shown in Figure 3.21. Where the Zn(II) signal was completely 
disappeared by adding 1 ppm of Cu(II). 
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Figure 3.20A: Square-wave stripping voltammograms of Zn(II), 
Cd(II) and Pb(II) at GCE in presence of 600 ppb Bi(III) and 10 ppm 
Hg(II) in acetate buffer solution (0.1 M, pH 4.5); Amplitude, 40 mV; 
Frequency, 80 Hz; Potential increment, 6 mV; Accumulation time, 
2.0 min at -1.4 V. A mixture of Zn(II), Cd(II) and Pb(II) 
concentrations: (a) 0.0, (b) 1, (c) 3, (d) 5, (e) 10, (f) 15, (g) 20, (h) 25, 
(i) 30, (j) 35, (k) 40, (l) 45, and (m) 50 ppb. 
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Figure 3.20B: The corresponding calibration plots of Figure 3.20A 
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Table 3.1: Limits of Detection and Quantification Obtained at GC-Hg(II)/Bi(III) 
alloy electrode. 
 
 
Heavy 
Metal 
 
LOD  
(ppb) 
 
LOQ  
(ppb) 
 
RSD  
(%) 
    
Zn(II) 0.36 1.0 10.41 
Cd(II) 0.01 1.0 2.72 
Pb(II) 0.61 1.0 2.70 
 
 
 
 
. 
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Figure 3.21: Effect of Cu(II) concentrations on the simultaneous 
determination of the 40 ppb Zn(II), Cd(II) and Pb(II) mixture at 
GCE in presence of 600 ppb Bi(III) and 10 ppm Hg(II) in acetate 
buffer solution (0.1 M, pH 4.5); Amplitude, 40 mV; Frequency, 80 
Hz; Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. 
The Cu(II) concentrations: (a) 0.0 ppm, (b) 1.0 ppm, (c) 2.0 ppm, (d) 
3.0 ppm. 
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Figure 3.22: Effect of Fe(III) concentrations on the simultaneous 
determination of  the 40 ppb Zn(II), Cd(II) and Pb(II) mixture at 
GCE in presence of 600 ppb Bi(III) and 10 ppm Hg(II) in acetate 
buffer solution (0.1 M, pH 4.5). Amplitude 40 mV; Frequency, 80 Hz; 
Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. 
The Fe(III) concentrations: (a) 0.0 ppm, (b) 1.0 ppm, (c) 2.0 ppm, (d) 
3.0 ppm. 
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There is an obvious effect of Cu(II) on the detection especially for Zn(II). The 
Fe(III) effect has been studied as shown in Figure 3.22. We have noticed that the fast 
response of Zn(II) decreased with a shift in potential to more anodic direction. While the 
Pb(II) and Cd(II) have increased and then levels. The Ni(II) ions have a similar effect as 
shown in Figure 3.23. 
We have also studied in this section the interference effect of some organic 
compounds such as adenosine on the Zn(II), Cd(II) and Pb(II) responses where the 
concentrations of the targeted metals were 40 ppb. The selectivity for the measurement 
was confirmed by measuring the responses after the addition of 1.0 ppm of the potential 
interferences, as shown in Tables 3.2A and B, Further study was obtained with adding 
different concentrations, there were small influences for the organic compounds tested 
which increase with adding more than 10 ppm of these organic compounds (Tables 3.2A 
and B). 
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Figure 3.23: Effect of Ni(II) concentration on the simultaneous 
determination of the 40 ppb Zn(II), Cd(II) and Pb(II) mixture at 
GCE in presence of 600 ppb Bi(III) and 10 ppm Hg(II) in acetate 
buffer solution (0.1 M, pH 4.5); Amplitude, 40 mV; Frequency, 80 
Hz; Potential increment, 6 mV; Accumulation time, 2.0 min at -1.4 V. 
The Ni(II) concentrations: (a) 0.0 ppm, (b) 1.0 ppm, (c) 2.0 ppm, (d) 
3.0 ppm. 
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Table 3.2A: Influence of Several Organic Compounds. 
 
Potential 
Interferent 
 
concentration 
(ppm) 
 
 
Change of Signal (%) 
Zn(II) Cd(II) Pb(II) 
Alanine 0 0.00 0.00  0.00  
 1 -9.24  -1.05  1.88  
 5 -4.46  -2.44  -0.15  
 10 -9.37  -9.12  -7.25  
 20 -19.11  -15.35  -13.03  
Triton- X 100 0 0.00  0.00  0.00  
 10 -34.39  -0.73  -2.74  
 20 -60.36  -74.36  -25.96  
 30 -42.81  -76.88  -40.64  
 40 -38.36  -78.21  -47.81  
Uric Acid 0 0.00  0.00  0.00  
 1 24.74  0.87  1.69  
 5 16.97  -4.88  -1.91  
 10 -2.65  -10.15  -3.48  
 20 -26.58  -26.97  -19.63  
Cystine 0 0.00  0.00  0.00  
 1 -8.06  -12.22  -0.02  
 5 -14.34  -22.14  -9.58  
 10 -11.22  -8.93  -10.40  
 20 -34.33  -23.77  -30.61  
Methionine 0 0.00  0.00  0.00  
 1 -5.59  -1.73  -1.68  
 5 -3.84  -5.12  -6.19  
 10 -8.25  -6.38  -7.34  
 20 -25.07  -16.67  -17.10  
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Table 3.2B: Influence of Several Organic Compounds. 
 
Potential 
Interferent 
 
concentration 
(ppm) 
 
 
Change of Signal (%) 
Zn(II) Cd(II) Pb(II) 
Phenylalanine 0 0.00 0.00 0.00 
 1 14.85  0.88  3.29  
 5 18.19  -3.83  -0.51  
 10 13.22  -6.69  -1.65  
 20 -4.56  -16.48  -11.60  
L. Tryptophane 0 0.00  0.00  0.00  
 1 -2.51  8.41  4.32  
 5 3.49  24.20  12.77  
 10 22.08  71.85  48.59  
 20 11.72  62.85  36.79  
L. Tyrosine 0 0.00  0.00  0.00  
 1 9.26  2.90  8.63  
 5 1.78  -14.26  -8.70  
 10 -10.40  -17.11  -7.71  
 20 -20.77  -22.90  -11.75  
Adenine 0 0.00  0.00  0.00  
 1 4.14  -5.48  -5.39  
 5 13.09  -2.09  0.42  
 10 3.96  -12.23  -6.93  
 20 -6.67  -19.72  -12.67  
Guanine 0 0.00  0.00  0.00  
 1 -0.16  -6.22  -9.05  
 5 3.39  -2.17  -6.74  
 10 5.19  1.14  -4.82  
 20 -17.92  -3.43  -8.42  
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CHAPTER 4 
4.0 FIELD-DEPLOYABLE ELECTROCHEMICAL SENSOR: 
SETUP AND REAL WATER SAMPLES APPLICATION. 
 
4.1 INTRODUCTION 
  Due to possible sample contamination during the transportation from samples 
locations on the way to the laboratories, here we have tried to pack all needed 
components in a small package that could be taken into the field to do the on-field 
determination of heavy metals. 
4.2 FIELD-DEPLOYABLE ELECTROCHEMICAL SENSORS 
4.2.1 System Setup 
 
The system consists of three main parts fixed in a hard suitcase (Figure 4.1) 
 The potentiostat, a pocket-size electrochemical workstation (CHI1140A, CH 
Instruments Inc., Austin, TX, USA). 
 The cell, Ag/AgCl reference electrode (in 3M KCl, CHI111, CH Instruments Inc.), 
Glassy carbon working electrode (CHI 112, CH Instruments Inc.) and platinum 
wire counter electrode (CHI115, CH Instruments Inc.) were inserted into a 5 ml 
small plastic cell through holes in its Teflon cover. 
 The computer, a mini notebook computer is connected to the potentiostat by USB 
Port. 
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Figure 4.1: (A) The potentiostat, (B) The electrochemical, (C) The 
complete setup. 
 
  
A 
B 
C 
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4.2.2 Procedure 
 
Details of apparatus were described earlier on the subsection 3.2.4. 
 
4.2.3 Results and Discussion 
 
By applying the developed methods using the bench-top in laboratory potentiostat 
unit we have concluded that the same good response could be achieved by the on-field 
developed unit with the advantage of avoiding the transporting sample which could lead 
to contaminations. Glassy carbon electrode along with the screen printed electrodes has 
been used to determine the concentration of the targeted heavy metals in drinking water 
samples. More over the detected metal concentrations have been compared with the 
allowed values according to EPA, WHO and EU (Table 1.1). 
 
We have tested the developed sensor to analyze heavy metals in drinking water 
samples. The samples were collected from Dhahran Vicinity, the high density 
polypropylene bottles were washed and acidified prior to collect these samples (Table 
4.2). 
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Table 4.1: Locations of the Collected Water Samples. 
  Place Date Time Location 
1 Mosque 14-10-2009 7:40 AM Althogba Alryadhst. 20 St. 
2 Mosque 14-10-2009 8:14 AM Althogba King Fahad St. 
3 Mosque 14-10-2009 8:41 AM Alkhobar prince megrim St. 
4 Privet school 14-10-2009 9:44 AM Aldoha (northern) high pressure St. 
5 Mosque 14-10-2009 10:02 AM Aldoha (northern) Ahmed bin hanbel St. 
6 KFUPM 15-10-2009 12:15 PM House 6428 Alake  
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4.2.3.1 Real  Drinking Water Samples Analysis Using Modified Glassy 
Carbon Electrodes 
 
Square wave stripping voltammetry has been used as a technique to analyze real drinking 
water samples using glassy carbon electrode in the presence of  
a- Hg    
b- Bi  
c- Alloy 
The data have been processed using the standard addition method. 
 
4.2.3.1.1 Drinking Water Samples Analysis Using Glassy Carbon-Bi 
Modified Electrodes 
The Samples have been analyzed by standard addition method, where a successive 
introduction of increments of the Zn(II), Cd(II) and Pb(II) heavy metals standard solutions 
were added to a single measured volume of the unknown water sample. Square wave 
stripping voltammetric measurements are made on the original water sample (Figure 4.2) 
and the water sample plus the standard heavy metal solution by spiking method. 
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4.2.3.1.2 Drinking Water Samples Analysis Using Glassy Carbon-Hg 
Modified Electrodes 
The Samples have been analyzed by standard addition method, where a successive 
introduction of increments of the Zn(II), Cd(II) and Pb(II) heavy metals standard solutions 
were added to a single measured volume of the unknown water sample. Square wave 
stripping voltammetric measurements are made on the original water sample (Figure 4.3) 
and the water sample plus the standard heavy metal solution by spiking method. 
 
4.2.3.1.3 Drinking Water Samples Analysis Using Glassy Carbon- 
Bi/Hg Alloy Modified Electrodes 
The Samples have been analyzed by standard addition method, where a successive 
introduction of increments of the Zn(II), Cd(II) and Pb(II) heavy metals standard solutions 
were added to a single measured volume of the unknown water sample. Square wave 
stripping voltammetric measurements are made on the original water sample (Figure 4.4) 
and the water sample plus the standard heavy metal solution by spiking method. 
 
4.2.3.2 Validation 
The obtained data have been compared with the ICP-MS results as shown in Table 
4.2. The obtained electrochemical results were quite comparable with the ICP-MS. 
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Figure 4.2:  Square wave stripping voltamograms at GCE-Bi modified electrode of six (1- 6) different drinking 
water samples in acetate buffer solution (0.1 M, pH 3.5) with standard addition of different Zn(II), Cd(II) and 
Pb(II) heavy metals concentration: (a) water sample, (b) 2.0, (c) 4.0, (d) 6.0, (e) 8.0, (f) 10.0 ppb. Other working 
conditions as in Figure 2.12A. 
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Figure 4.3: Square wave stripping voltamograms at GCE-Hg modified electrode of six (1- 6) different drinking 
water samples in acetate buffer solution (0.1 M, pH 3.5) with standard addition of different Zn(II), Cd(II) and 
Pb(II) heavy metals concentration: (a) water sample, (b) 2.0, (c) 4.0, (d) 6.0, (e) 8.0, (f) 10.0 ppb. Other working 
conditions as in Figure 2.23A. 
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Figure 4.4: Square wave stripping voltamograms at GCE-Bi/Hg alloy modified electrode of six (1- 6) different 
drinking water samples in acetate buffer solution (0.1 M, pH 4.5) with standard addition of different Zn(II), 
Cd(II) and Pb(II) heavy metals concentration: (a) water sample, (b) 2.0, (c) 4.0, (d) 6.0, (e) 8.0, (f) 10.0 ppb. 
Other working conditions as in Figure 3.20A. 
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Table 4.2: Concentration Values of the Analyzed Water Samples. 
Sample Method Zn (ppb) Cd  (ppb) Pb (ppb) 
1 GC-Hg 5.9 BDL* 3.6 
 
GC-Bi BDL* BDL* 1.4 
 
GC-Alloy 17.4  BDL*  2.2 
 
ICP 15.8 0.065 2.68 
2 GC-Hg 9.8 BDL* 2.9 
 
GC-Bi BDL* BDL* 2.3 
 
GC-Alloy 18.1  BDL*  1.3 
 
ICP 19.26 0.02 0.07 
3 GC-Hg 5.4 BDL* 2.2 
 
GC-Bi BDL* BDL* 0.9 
 
GC-Alloy 8.3  BDL*  2.3 
 
ICP 10.35 0.021 2.83 
4 GC-Hg 4.8 BDL* 1.1 
 
GC-Bi 3.6 BDL* 1.5 
 
Alloy 31.2 BDL*   1.4 
 
ICP 37.89 0.02 0.11 
5 GC-Hg 4.1 BDL* 0.8 
 
GC-Bi BDL* BDL* ND* 
 
GC-Alloy 9.9  BDL*  1.5 
 
ICP 11.97 0.02 0.13 
6 GC-Hg 0.4 BDL* 0.7 
 
GC-Bi BDL* BDL* 1.6 
 
GC-Alloy 13.7 BDL*  0.7  
 
ICP 18.59 0.01 0.10 
BDL* Below Detection Limit 
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CHAPTER 5 
5.0 CONCLUSION AND REFERENCES 
 
5.1 CONCLUSION 
 
• We have achieved all research objectives. 
• We have studied the simultaneous detection of Zn(II), Cd(II) and Pb(II) in 
drinking water samples with the enhancement of the detection using bismuth, 
mercury and combination of the tow elements Bi/Hg alloy. 
• We have developed a new portable electrochemical device to detect toxic heavy 
metals on field. 
• We have reached comparable and even lower detection limits than that reported in 
the literature. 
• We have studied several drinking water samples collected from Dhahran vicinity.  
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